We report on the observation of high-temperature (Tc) superconductivity and magnetic vortices in single-unit-cell FeSe films on anatase TiO2(001) substrate by using scanning tunneling microscopy. A systematic study and engineering of interfacial properties has clarified the essential roles of substrate in realizing the high-Tc superconductivity, probably via interface-induced electron-phonon coupling enhancement and charge transfer. By visualizing and tuning the oxygen vacancies at the interface, we find their very limited effect on the superconductivity, which excludes interfacial oxygen vacancies as the primary source for charge transfer between the substrate and FeSe films. Our findings have placed severe constraints on any microscopic model for the high-Tc superconductivity in FeSe-related heterostructures.
The recent discovery of superconductivity with an exceptionally high critical temperature (T c ) over 65 K in single-unit-cell (SUC) FeSe films on SrTiO 3 has received extensive attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Distinct from iron pnictide and bulk FeSe compounds [11, 12] , the superconducting SUC FeSe films prepared on SrTiO 3 substrate not only possess a rather simple Fermi surface topology-only having electron pockets around the zone corner (M point) of Brillouin zone Fermi surface (E F ) [2, 4, 7] , but also reach a record of T c values among all iron-based superconductors (Fe-SCs) [1] [2] [3] [4] . In order to understand the enhancement in T c , several different scenarios invoking interface effects, such as interfacial electron-phonon coupling [1, 7, 9, 10], charge transfer prompted by interfacial oxygen vacancies [2] [3] [4] 6] , tensile strain effect induced by the lattice mismatch between FeSe and SrTiO 3 [4, 13] , screening effect by SrTiO 3 ferroelectric phonons [5] , have been proposed. However, a consensus on which factors play the primary roles in enhancing the superconductivity of FeSe has not yet be achieved. The situation is further complicated by the observation of high-T c superconductivity in anisotropic SrTiO 3 (110) substrates [14, 15] and heavily electron-doped FeSe-derived superconductors involving little interfacial effect [16] [17] [18] [19] [20] .
Attempt to separate the effects of substrate by preparing FeSe films on graphitized SiC(0001) leads to the discovery of two disconnected superconducting domes upon alkali-metal potassium doping [19] : a low-T c phase in undoped parent FeSe and a high-T c phase in heavily electron-doped regime. This points out a different pairing mechanism of high-T c phase from that in other Fe-SCs. Most importantly, the observed T c of ∼ 48 K and ∆ of ∼ 14 meV in these systems [16, 17, 19, 20] imply that, to boost the higher T c in FeSe [1] [2] [3] [4] , the SrTiO 3 must impose additional effect(s) other than the electron doping.
In order to clarify the above-mentioned controversies, it is highly desirable to find an alternative substrate that can host high-T c superconductivity and meanwhile allow a straightforward comparison with SrTiO 3 .
Realizing that the SrTiO 3 substrates commonly have a termination of TiO 2 under ultrahigh vacuum (UHV) preparation conditions, we grow anatase TiO 2 directly on SrTiO 3 as substrate for FeSe growth by molecular beam epitaxy (MBE). The epitaxial anatase TiO 2 with various distinctive physical properties from SrTiO 3 allows for a direct scrutiny of interfacial effects on the emerging high-T c superconductivity.
Our experiments were conducted in a Unisoku UHV scanning tunneling microscopy (STM) system, equipped with a MBE chamber for film preparation. The base pressure is better than 1.0 × 10 −10 Torr. The 0.05 wt Nbdoped SrTiO 3 (001) substrates were degassed at 600 o C for 3 hours, and then annealed at 1250 o C for 20 minutes to get clean and flat surface. Anatase TiO 2 islands were grown on SrTiO 3 (001) at 750 o C by evaporating highpurity Ti (99.99%). At this temperature, oxygen atoms decompose from SrTiO 3 and react with the deposited Ti to form anatase TiO 2 . The growth rate was approximately 0.11 monolayers per minute, which was calibrated by STM. FeSe films were then grown on anatase TiO 2 (001) surface at 500 o C by co-evaporating highpurity Fe (99.995%) and Se (99.999%) from standard Knudsen cells under Se-rich condition. The growth rate was ∼ 0.01 layers per minute. With the growth recipe, the as-grown SUC FeSe films on anatase TiO 2 (001) are superconducting without need of post-growth annealing. All STM images were acquired at 4.2 K with a polycrystalline PtIr tip. The dI/dV spectra were acquired using lock-in technique with a bias modulation of 10 mV and 0.5 mV for wide-energy-scale (-0.5 V ∼ 0.5 V) and small-energy-scale (-50 mV ∼ 50 mV) spectra at 913 Hz, respectively. As sketched in Fig. 1 (a), anatase TiO 2 is characterized with distinct O-Ti-O triple-layered planes in sharp contrast to the single-layered TiO 2 planes in SrTiO 3 . This has consequently led to a great deal of diversities between their physical properties such as lattice constants, phonon modes and dielectric constants. The in-plane lattice constant of anatase TiO 2 (001) is 0.3782 nm, much closer to that (0.3765 nm) of FeSe than that (0.3905 nm) of SrTiO 3 (001). Distinct from a ferroelectric soft phonon mode with a frequency of 88 cm −1 in SrTiO 3 , which has been proposed to be crucial for the T c enhancement in SUC FeSe/SrTiO 3 [5] , the corresponding phonons in anatase TiO 2 have a quite high frequency (367 cm −1 ) and a very limited contribution to static dielectric constant (22.7 along the c-axis, significantly smaller than 300 of SrTiO 3 ) [21] . As thus, the anatase TiO 2 (001) serves as an advisory system to distinguish whether or not the above-mentioned parameters bear a primary responsibility for the enhanced high-T c superconductivity in FeSerelated heterostructures. Furthermore, in contrast with SrTiO 3 where the oxygen vacancies have never been directly identified [1, 14, 15] , oxygen vacancies on anatase TiO 2 can be easily tuned in their density by annealing [22] and visualized by STM. This renders anatase TiO 2 a unique substrate for a systematic study of the role of oxygen vacancies in the superconductivity of SUC FeSe.
The as-grown samples exhibit isolated TiO 2 islands with a typical thickness of 15 nm and a lateral size as large as 300 nm × 300 nm on SrTiO 3 (001) [ Fig. 1(b) ]. Figure 1 (c) depicts a zoom-in image of TiO 2 (001) island, which clearly reveals the well-known 4 × 1 reconstruction decorated by some oxygen vacancies (bright spots) [22] . After a precise calibration of our STM piezotube scanner, the in-plane lattice constant is measured to be 0.380 ± 0.005 nm (close to the value of 0.3782 nm in bulk TiO 2 ), indicative of a nearly fully relaxed lattice. On the substrate with the unstrained anatase TiO 2 (001) islands, we then grow FeSe films using the previously established method [1, 12] , which leads to formation of atomically flat SUC and double-unit-cell (DUC) films with very few defects [Figs. 1(d) and 1(e)]. Our subsequent STM measurements reveal the same inplane lattice constant of both SUC and DUC FeSe as TiO 2 , 0.380 ± 0.005 nm, slightly larger than the value (0.3765 nm) of bulk FeSe within the experimental uncertainty. The result suggests nearly strain-free FeSe films formed on anatase TiO 2 (001), resembling with those on graphene/SiC(0001) [12, 19] .
Tunneling conductance dI/dV spectrum on SUC (red curve) and DUC (magenta curve) FeSe films on anatase TiO 2 (001) are illustrated in Fig. 2(a) , which behave very differently. Although the overall feature on DUC resembles more closely with undoped parent FeSe (black curve), the dI/dV spectrum on SUC differs markedly from both, but bears great similarities with those acquired in SUC FeSe films on SrTiO 3 (blue curve) and in K-doped FeSe films [19] . The result reveals a substantial electron transfer from anatase TiO 2 (001) to SUC FeSe film. Subsequent dI/dV measurements in a smaller energy scale [Figs. 2(b) and 2(c)] reveal first evidence of superconductivity as SUC FeSe/SrTiO 3 : spatially rather universal and U-shaped gaps with vanishing density of states near the Fermi energy (E F ). The double-gap (denoted as ∆ 1 and ∆ 2 , respectively) structure most probably suggests a multi-band superconductor [20, 23] . The maximal gap ∆ 1 varies from 17 meV [ Fig. 2(b) ] to 21 meV [ Fig. 2(c) ], even slightly larger than those measured in SUC FeSe/SrTiO 3 films [1- 4, 7, 23] . This might mean a higher T c in SUC FeSe/TiO 2 films, which merits a further study of the temperature-dependent superconducting gap in the future. Note that the DUC FeSe films on TiO 2 (001) exhibit no superconductivity signature at all [ Fig. 2(c) ], resembling with the DUC FeSe films on SrTiO 3 [1]. This may be caused by a small amount of but insufficient electron transfer from TiO 2 to DUC FeSe films, which pushes them to the nonsuperconducting region between the recently discovered two superconducting domes of FeSe [19] .
To confirm that the gap opening around E F observed in Figs with g0(x = ∞) as the constant background, leads to an angularly averaged GL coherence length ξGL = 2.85 ± 0.14 nm. The normalized dI/dV spectrum was obtained by dividing the raw one by its conductance value at the tunneling set point.
we have conducted varying magnetic field experiment. Application of magnetic field perpendicular to a superconducting SUC FeSe/TiO 2 (001) films can suppress its local superconductivity, leading to the formation of vortices and Abrikosov lattice. This situation is demonstrated by the zero-bias conductance maps in Fig. 2(d) .
The magnetic vortices, seen as zero-bias conductance enhancement, increase linearly in number with the field B, as anticipated. Remarkably a nearly square vortex lattice, more clearly seen in fast Fourier-transferred (FFT) images in Fig. 2(e) , is observable at B = 6 T. This supports a fourfold anisotropy in the superconducting order parameter [24] [25] [26] , bearing a strong likeness to the moderately anisotropic gap in SUC FeSe/SrTiO 3 films measured by a recent angle-resolved photoemission spectroscopy experiment [20] . Based on this model, the gap minima should be located along the nearest-neighbor directions of the square vortex lattice, which is orientated along the Se-Se bond directions [ Fig. 2(d) ]. This observation puts strong constraints on the electron pairing symmetry in SUC FeSe/TiO 2 (001) films. At 9 T, the vortices change into a distorted triangle lattice. Such evolution of vortex structure has previously been found in [29] , which might be caused by other competing effects, such as Fermi surface anisotropy [30] . In the vicinity of vortex core, our dI/dV measurements reveal the presence of an Andreev bound state at E 0 = 0.6 meV linking with lowest bound state [31] and the complete disappearance of double-superconductinggap structure [ Fig. 2(f) ]. The results demonstrate unambiguously the gaps as superconducting gaps as well as the occurrence of high-T c superconductivity in SUC FeSe/TiO 2 (001) films. Analysis of the spatial evolution of radial zero-bias-conductance (ZBC) values around the vicinity of vortices [ Fig. 2(g) ] has led to a GinzburgLandau (GL) coherence length ξ GL = 2.85 ± 0.14 nm, consistent with that (2.45 ∼ 3.18 nm) of SUC FeSe/SrTiO 3 films [23] . The observed particle-hole asymmetry at the vortex core with the lowest bound state on the empty state [ Fig. 2(f) ] indicates electron-type charge carriers in superconducting SUC FeSe/TiO 2 (001) [31] , in good agreement with the dI/dV measurements above [ Fig. 2(a) ].
Our demonstration of superconductivity with a very large ∆ in the SUC FeSe films on TiO 2 constitutes a critical finding related to the interfacial high-T c superconductivity. The finding, that ∆ appears larger than those (8 ∼ 14 meV) in other heavily electron-doped FeSe-derived superconductors with no interfacial effect [19, 20] , has recalled the crucial role of interfacial effects in the occurrence of high-T c superconductivity. A direct comparison with SUC FeSe films on the SrTiO 3 (001) substrate with similar ∆ can rule out both the interfacial tensile strain [4] and ferroelectric phonon screening [5] as the primacy for the enhanced superconductivity in terms of the very small lattice mismatch (0.9%) and dramatically different ferroelectric soft phonon frequency in the present case. On the other hand, the interaction between FeSe electrons and SrTiO 3 optical phonon at ∼ 100 meV that has been proposed to be responsible for raising the superconductivity in SUC FeSe/SrTiO 3 films [7, 9, 10] seems to work here: a nearly identical optical phonon does exist in atatase TiO 2 as well [32] .
We now turn to study the charge transfer in the two heterostructures. It has been long believed that they are oxygen vacancies in the SrTiO 3 substrate that act as the source of electrons for the overlayer FeSe films [6, 14, 15] . However, it has not been vividly verified. Although the preparation of SrTiO 3 substrate and thus the density of oxygen vacancies might alter substantially among the samples from various groups, a direct relationship between the enhanced superconductivity and oxygen vacancies has never been established [1] [2] [3] [4] 7] . To resolve this problem, we have employed STM to image oxygen vacancies and investigate their influence on superconductivity. As shown in Fig. 1(c To understand this further, we have annealed the asgrown TiO 2 /SrTiO 3 samples at 750 o C to tune the density of oxygen vacancies and investigate their influence on the superconductivity. We find that a significant amount of oxygen atoms that desorb from SrTiO 3 can oxidize the overlayer TiO 2 islands. As shown in Fig. 3(a) , it leads to an overall decrease in the density of oxygen vacancies to a level of 6.1 × 10 −3 per nm 2 . However, on the TiO 2 (001) islands with significantly reduced surface oxygen vacancies (by nearly one order of magnitude), we observe no discernible change in both FeSe morphology Other scenarios, such as interface element diffusion and band bending/alignment across the interface, may be responsible for the electron transfer between FeSe and anatase TiO 2 . According to Figs. 1(e) and 3(b), however, the FeSe/TiO 2 interface is abrupt and there is no trace of substitution in FeSe films, indicating that the effect of interface diffusion is not significant. The work function of FeSe was recently measured to be larger than that of anatase TiO 2 [33] . Upon contact between FeSe and TiO 2 , the band alignment would lead to an electron transfer from TiO 2 to FeSe, consistent with our observation. As thus, the charge transfer mechanism in SUC FeSe/TiO 2 might be caused by band alignment, which needs further confirmation in the future. Nevertheless, our direct comparison between TiO 2 and SrTiO 3 in this study further stresses the important role of interfacial electron-phonon coupling in the enhanced superconductivity in the two heterostructures.
